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(54) Title; AXIAL EJECTION IN A MULTIPOLE MASS SPECTROMBTBR 
(57) Abstract 

A method operating a mass spectrom- 
eter having an elongated multipole rod set, in 
which a two dimmsional RF field radially coa- 
tains trapped ions in a mass to charge range of 
interest, and in which the ions are contained ax- 
iid^ fay a barrier field on an end lens and to 
^eiiuch a low voltage DC Is applied. Tk^iped 
ions are axially mass selectivsely ejected by tak- 
ing advantage of tfie mixing of ttie degrees of 
fteedom induced by ttie firing fields and cMfaer 
anti-harnumicitles in the viciixity of the end lens. 
Tbus, ions can be mass selectively ejected at tfie 
exit end at tf^ san^ time as ions are lieing admit- 
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ted into the entrance end of the rod set, thereby 
taking bettor advantage of the ion flux torn a 
continuous Ion source* The axial mass s^ective 
ejection is peifomoed by flying an auxiliary 
AC voltage to the end lens, or to the rods them- 
selves, or both, and fay scanning eltiier the auxil- 
taiy AC voltage or the RF volta^ on die rod s^ 
lYapped ions can be concentra^ near the exit 
lens by applying an axial field in die direction 
of die lens, or can be depicted 1^ applying the 
axial field in die opposite direction. Ibe axial 
field can be oscmated to dissociate trapped icm. 
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litis: AXIAL mECnON IN A MULTIPOLE MASS SPECTROMETER 

PRIOR APPLICATION 

This application is a continuation-in-part of my application 
serial no. 08/736^50 filed October 24, 1996 entitled "AXIAL EJECTION IN 
5 A MULTIPOLE MASS SPECTROMETER", which in turn is a continviation- 
in-part of my application serial no. 08/656,954 filed June 6, 1996 under the 
same title (now abandoned). 

mUP OFTIffl INVBNTION 

This invention relates to a multipole elongated rod ion trap 
10 mass spectrometer witti mass dependent axial ejection. 

PACKgRQ^NP QF Tm INVENTION 

Conventional ion traps, of the kind described in U.S. patent 
2,939,952, are generally composed of three electrodes, namely a ring 
electrode, and a pair of end caps, vnih appropriate RF and DC voltages 

15 applied to these electrodes to establish a three-dimensional field which 
traps ions wifhin a mass range of interest in the relatively small volume 
between the ring electrode and the end caps. The electrodes may be- 
hyperbolic, producing a theoretically perfect three-dimensional 
quadrupole field, or they may deviate from hyperbolic geometry, giving 

20 rise to additional multipole fields superimposed on the quadrupole field 
and which can produce improved residts. 

Usually ion trap mass spectrometers are filled in an 
essentially mass-independent manner and are emptied mass-d^endently 
by manipulating the RF and DC voltages applied to one or more of the 

25 electrodes. The ion storage and fast scanning capabilities of the ion trap are 
advantageous in anal3rtical mass spectrometry. High analysis efficiency, 
compared to typical beam-type mass spectrometers, can be achieved if the 
time to eject and detect ions from the trap is smaller than die time 
required to fill a trap. If this condition is met, llien very few ions are 

30 wasted. 
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However an inherent disadvantage of ion traps is that ion 
transport into the trap is usually of very low efficiency, e.g. one to ten 
percent, primEirily due to the relatively small volixme of the trap and the 
very demanding ion energetic constraints for trap acceptance of externally 
5 generated ions. The relatively small volume of the ion trap means that 
the number of ions that can be accepted before space diarge effects become 
serious is also relatively small. Increasing the radial dimension of the 
volume of the trapping chamber of a conventional ion trap partially 
overcomes this limitation, but with the additional disadvantages of 

10 reduced analytical utility and/or increased costs (e.g. reduced mass range, 
larger power supplies). The small volimie of the ion trapping chamber 
will also tend to limit the linear response range (i.e. dynamic range), again 
because of the effects of space charge at high ion dCTsities. 

An additional problem is that when a conventional ion trap 

15 is performing an analysis, no additional ions can be accepted. For many 
modem ion sources such as electrospray, ion spray (disclosed in U.S. 
patent 4,861,988), or corona discharge, this can be a considerable 
disadvantage because ttie trap fill time is usually short compared with the 
analysis time. Consequently, and as described in US. patent 5,179,278 

20 assigned to die assignee of the present invention, many ions can be wasted 
during the analysis time, resulting in relatively low duty cycles. 

It is known tfiat ions can be trapped and stored very efficiently 
in a two-dimensional RF quadrupole. In some cases ions have been 
admitted into and then trapped in a two-<iimensional quadrupole for 

25 ptirposes of releasing them into a conventional ion trap, as shown in U-S. 
patent 5,179,278. More generally ions have been admitted into a 
pressmized linear cell or a two-dimensional RF quadrupole for the 
ptupose of studying ion molecule reactions. Generally tihie ions enter the 
device from a mass selective source such as a resolving quadrupole, are 

30 trapped for a specified period of time, and then are ejected mass- 
independently for subsequent mass analysis. 

U.S. patent 5,420,425 teaches that ions can be trapped and 
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However an inherent disadvantage of ion traps is U\at ion 
transport into the trap is tisually of very low efficiency, e.g. one to ten 
percent, primarily due to the relatively small volume of the trap and the 
very demanding ion energetic constraints for trap acceptance of extemally 
5 generated ions. The relatively small volume of the ion trap means that 
the number of ions that can be accepted before space charge effects become 
serious is also relatively small. Increasing the radial dimension of the 
volume of the trapping chamber of a conventional ion trap partially 
overcomes this limitation, but with the additional disadvantages of 

10 reduced analytical utility and/or increased costs (e.g. reduced mass range, 
larger power supplies). The small voliune of die ion trapping chamber 
will also tend to limit the linear response range (i.e. dynamic range), again 
because of the effects of space charge at high ion densities. 

An additional problem is that when a conventional ion trap 

15 is performing an analysis, no additional ions can be accepted. For many 
modem ion sources such as electrospray, ion spray (disclosed in U.S. 
patent 4,861,988), or corona discharge, this can be a considerable 
disadvantage becatise die trap fill time is usually short compared with the 
analysis time. Consequently, and as described in U.S. patent 5,179,278 

20 assigned to ttie assignee of the present invention, many ions can be wasted 
during the analysis time, resulting in relatively low duty cycles. 

It is known that ions can be trapped and stored very efficiently 
in a two-dimensional RF quadrupole. Lti some cases ions have been 
admitted into and then trapped in a two-dimensional quadrupole for 

25 purposes of releasing them into a conventional ion trap, as shown in U.S. 
patent 5,179,278. More generally ions have been admitted into a 
pressurized linear cell or a two-dimensional RF quadrupole for the 
purpose of studying ion molecule reactions. Generally the ions enter the 
device from a mass selective source such as a resolving quadrupole, are 

30 trapped for a specified period of time, and then are ejected mass- 
independently for subsequent mass analysis. 

U.S. patent 5,420,425 teaches that ions can be trapped and 
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and tharefore do not contribute to the measured ion signal. Therefore 
only a small fraction of trapped ions would normally be collected, despite 
the very hig^ storage ability of this device. 



5 BRIEF SUMM ARY OF THE INVENTION 

Accordingly, it is an object of the present invention in one of 
its aq^ects to provide an elongated multipole mass spectrometer which has 
a high iiqection efficiency and an enlarged trapping volume, and in which 
ions are ejected along the major axis of the device, thus allowing a good 
10 geometric match with commonly used ion detectors. 

In one of its aspects the invention provides a method of 
operating a mass spectrometer having an elongated rod set, said rod set 
having an entrsuice end and an exit end and a longitudinal axis, said 
me&od comprising: 
15 (a) admitting ions into said oitrance end of said rod set, 

(b) trapping at least some of said ions in said rod set by 
producing a barrier field at an exit member adjacent to 
the exit end of said rod set and by producing an RF 
field between the rods of said rod set adjacent at least 

20 tiie exit end of said rod set, 

(c) said RF and barrier fields interacting in an extraction 
region adjacent to said exit end of said rod set to 
produce a fringing field, 

(d) energizing ions in said extraction region to mass 
25 selectively eject at least some ions of a selected mass to 

charge ratio axially from said rod set past said barrier 
field, 

(e) and detecting at least some of the ^ected ions. 

In another aspect, the invention provides a method of 
30 operating a mass spectrometer having a plurality of elongated rod sets in 
series, each rod set having a longitudinal access, and thereby providing 
MS/MS, said method comprising: 
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(a) emitting ions from an ion sotirce into one said rod set, 

(b) pre-trapping ions in said one rod set, 

(c) selectively pulsing ions from said one rod set into a 
second said rod set, said second rod set liaving entrance 

5 and exit ends, 

(d) trapping at least some of said ions in said second rod 
set by producing a barrier field at an exit member 
adjacent to the exit end of said second rod set and by 
producing an RF field between tiie rods of said second 

10 rod set adjacent to at least die exist aid of said second 

rod set, 

(e) said RF and barrier fields interacting in an extraction 
region adjacent to said exit end of said second rod set to 
produce a fringing field, 

15 (f) energizing ions in said extraction region to mass 

selectively eject at least some ions of a selected mass to 
charge ratio axially from said second rod set past said 
barrier field, said ejected ions being parent ions, 

(g) transmitting said parent ions into a third said rod set 
20 containing a collision gas, and fragmenting said parenf^ 

ions in said third rod set to form fragment ions, 

(h) and mass dependently ejecting at least said fragment 
ions axially from a said rod set for detection. 

Further objects and advantages of the invention will be 
25 apparent from the following description, taken together with the 
accompanying drawings. 



BBW PESOMrnQN OF THE PBAWINgS 
In the drawings: 

Fig« 1 is a diagrammatic view of a simple mass spectrometer 
30 apparatus with which tihe present invention may be used; 

Fig. la is an end view of a rod set of Fig. 1 and showing 



wo 99/63978 PCT/CA99/D051S 

-6- 

electrical connections to such rod set; 

Hg. 2 is a diagrammatic view of a modification of a part of the 
apparatus of Hg. 1; 

Fig. 3 is a diagrammatic, view of a further modification of the 
5 apparatus of Fig. 1; 

Rg. 4 is a diagrammatic view of another modification of the 
Fig. 1 apparatus; 

Fig. 5 is a graph showing results obtained with the apparatus 

of Fig. 4; 

10 Fig. 6 is a graph showing further results obtained with the Fig. 

4 apparatus; 

Fig. 7 is an end view of rods which can be used as an exit lens; 
Fig. 8 is a plan view of a modified exit lens; 
Fig. 9 is a graph showing still further results obtained with the 
15 Fig. 4 apparatus; 

Fig. 10 is a diagrammatic view of a furtiier modification of the 
Fig. 1 apparatus; 

Fig. 11 shows a mass spectrum obtained with the Fig. 10 

apparatus; 

20 Fig. 12 shows another mass spectrum obtained with the Fig. 

10 apparatus; 

Hg. 13 shows a further mass spectrum obtained witii the Fig. 
10 apparatus; 

Fig. 14 shows yet another mass spectrum obtained witii the 
25 Fig. 10 apparatus; 

Fig. 15a shows a mass spectrum obtained using a modification 
of the Fig. 10 apparatus; 

Figs. 15b and 15c show enlarged portions of the Fig. 15a mass 

spectrum; 

30 Figs. 16a, 16b, 16c and 16d show mass spectra obtained during 

different modes of operation of a modification of the Fig. 10 apparatus; 

Figs. 17a shows a furtiier mass spectrum obtained using a 
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modification of the Fig. 10 apparatus; 

Figs. 17b and 17c show enlarged portions of the Fig. 17a mass 

spectrum; 

Fig. 18 shows a further mass spectrum obtained using a 
5 modification of the Fig. 10 apparatus; 

Fig. 19 shows a simplified modification of the Fig. 10 

apparatus; 

Fig. 20 shows a mass spectrum obtained using the Fig. 19 

apparatus; 

10 Fig. 21 shows two additional mass spectra obtained using the 

Fig. 19 apparatus; 

Hg. 22 shows a modification of the Fig. 10 apparatus used for 

MS/MS; 

Fig. 23 shows another modification of the Fig. 10 apparatus 
15 used for MS/M; and 

Fig. 24 shows a mass spectnun obtained using the Fig. 23 

appartus* 

DFT AILBP PESCRIFnON OP PREFERRED EMBODIMENT 

Reference is first made to Fig. 1, which shows a mass analyzer 

20 system 10 witi\ which the invention maybe used. The system 10 includes 
a sample source 12 (normally a liquid sample source such as a liquid 
chromatograph) from which sample is supplied to a conventional ion 
source 14. Ion source 14 may be an electrospray^ an ion spray, or a corona 
discharge device, or any other known ion source. An ion spray device of 

25 tiie kind shown in U.S. patent 4^61,988 issued August 29, 1989 to Cornell 
Research Fotmdation Inc. is suitable. 

Ions from ion soturce 14 are directed through ^Xl apertixre 16 in 
an aperture plate 18. Plate 18 forms one wall of a gas curtain chamber 19 
which is supplied with curtain gas from a curtain gas source 20. The 

30 curtain gas can be argon, nitrogen or otiier inert gas and is described in the 
above-mentioned U.S. patent 4,861,988. The ions theix pass through an 
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orifice 22 in an orifice plate 24 into a first stage vacuum chamber 26 
evacuated by a pump 28 to a pressure of about 1 Torr. 

The ions then pass through a skimmer orifice 30 in a 
skimmer plate 32 and into a main vacuum chamber 34 evacuated to a 
5 pressure of about 2 milli-Torr by a ptimp 36. 

The main vacuum chamber 34 contains a set of fbtir linear 
conventional quadrupole rods 38. The rods 38 may typically have a rod 
radius r=0.470cm/ an inter-rod dimension ro=0.415cm, and an axial length 
l=20cm« 

10 Located about 2mm past the exit ends 40 of tiie rods 38 is an 

exit lens 42. The lens 42 is simply a plate with an aperture 44 therein, 
allowing passage of ions through aperture 44 to a conventional detector 46 
(which may for example be a channel electron multiplier of the kind 
conventionally used in mass spectrometers). 

15 The rods 38 are connected to the main power supply 50 which 

applies a DC rod offset to all the rods 38 and also applies RF in 
conventional manner between the rods. The power supply 50 is also 
connected (by connections not shown) to the ion source 14, the aperture 
and orifice plates 18 and 24, the skimmer plate 32, and to tiie exit lens 42. 

20 By way of example, for positive ions the ion source 14 may 

typically be at +5,000 volts, the aperture plate 18 may be at +1,000 volts, the 
orifice plate 24 may be at +250 volts, and die skimmer plate 32 may be at 
ground (zero volts). The DC offset applied to rods 38 may be -5 volts* The 
axis of the device, which is the path of ion travel, is indicated at 52, 

25 Thus, ions of interest which are admitted into the device 

fiom ion soturce 14 move down a potential well and are allowed to enter 
the rods 38. Ions that are stable in the applied main RF field applied to the 
rods 38 travel the length of the device imdergoing numerous momentum 
dissipating collisions with the background gas* However a trapping DC 

30 voltage, typically -2 volts DC, is applied to the exit lens 42. Normally ttie 
ion transmission efficiency between the skimmer 32 and the exit lens 42 is 
very high and may approach 100%- Ions that enter the main vacuum 
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chamber 34 and travel to the exit lens 42 are ihermalized due to the 
ntmterous collisions with the background gas and have litde net velocity 
in the direction of axis 52. The ions also experience forces from the main 
RF field which confines them radially. Typically the RP voltage applied is 
5 in the order of about 450 volts (unless it is scanned with mass) and is of a 
frequency of the order of about 816 kHz. No resolving DC field is applied 
to rods 38. 

When a DC trapping field is created at the exit lens 42 by 
applying a DC offeet voltage which is higher than that applied to fixe rods 
10 38^ the ions stable in the RF field applied to the rods 38 are effectively 
trapped* 

However ions in region 54 in the vicinity of the exit lens 42 
will experience fields that are not entirely quadrupolar^ due to the nature 
of the termination of the main RF and DC fields near the exit lens. Such 

15 fields, commonly referred to as fringing fields, will tend to couple the 
radial and axial degrees of freedom of the trapped ions. This means that 
there will be axial and radial components of ion motion that are not 
mutually ordiogonal. This is in contrast to the situation at the center of 
rod structure 38 further removed from the exit lens and fringing fields, 

20 where the axial and radial components of ion motion are not coupled or 
are minimally coupled. 

Because of the fringing fields couple the radial and axial 
degrees of freedom of the trapped ions, ions may be scanned mass 
dependently axially out of the ion trap constituted by rods 38, by the 

25 application to the exit lens 42 of a low voltage auxiliary AC field of 
appropriate frequency. (An example of the frequencies that may be used is 
given later in this description.) The auxiliary AC field may be provided by 
an axixiliary AC supply 56, which for illustrative purposes is shown as 
forming part of ttie main power supply 50. 

30 The auxiliary AC field is an addition to the trapping DC 

voltage supplied to exit lens 42 and couples to both the radial and axial 
secular ion motions. The auxiliary AC field is fotmd to excite die ions 
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stifficiently that they surmount the axial DC potential barrier at the exit 
lens 42, so that they can leave axially in the direction of arrow 58. The 
deviations in the field in the vicinity of the exit lens 42 lead to the above 
described coupling of axial and radial ion motions enabling the axial 
5 ejection at radial secular frequencies. This is in contrast to the situation 
existing in a conventional ion trap, where excitation of radial secular 
motion will generally lead to radial ejection and excitation of axial secular 
motion will generally lead to axial ejection, tmlike the situation described 
above. 

10 Therefore, ion ejection in a sequential mass dependmt 

manner can be accomplished by scanning the frequency of the low voltage 
auxiliary AC field. When the frequency of the auxiliary AC field matches a 
radial secular frequency of an ion in the vicinity of the exit lens 42, the ion 
will absorb energy and will now be capable of traversing the potential 

15 barrier present on the exit lens due to the radial/axial motion coupling. 
When the ion exits axially, it will be detected by detector 46. After the ion 
is ejected, other ions upstream of the region 54 in the viciiuty of ttie exit 
lens are energetically permitted to enter the region 54 and be excited by 
subsequent AC frequency scaits. 

20 Ion ejection by scanning the frequency of the auxiliary AC 

voltage applied to the exit lens is desirable because it does not empty the 
trapping volume of the entire elongated rod structure 38. In a 
conventional mass selective instability scan mode for rods 38, the RF 
voltage on the rods would be ramped and ions would be ejected from low 

25 to high masses along the entire length of the rods when the q value for 
each ion reaches a value of 0.907. After each mass selective instability scan, 
time is required to refill the trapping volume before another analysis can 
be performed. Jn contrast, when an auxiliary AC voltage is applied to the 
exit lens as described above, ion ejection will normally only happ^ in flie 

30 vicinity of ttie exit lens because this is where Ihe coupling of die axial and 
radial ion motions occurs and where the auxiliary AC voltage is applied. 
The upstream portion 60 of the rods serves to store other ions for 
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subsequent analysis. The time required to refill tiie volume 54 in the 
vicinity of the exit lens with ions will always be shorter than the time 
required to refill the entire trapping volume. Therefore fewer ions will be 
wasted. 

5 As an alternative^ instead of scarming the avixiliary AC 

voltage applied to end lens 42, the auxiliary AC voltage on end lens 42 can 
be fixed and the main RF voltage applied to rods 38 can be scanned in 
amplitude, as will be described. While fhis does change the trapping 
conditions, a q of only about 0^ to 0.3 is needed for axial ejection, while a q 
10 of about 0.907 is needed for radial ejection. Therefore, as will be e?q>lained, 
few if any ions are lost to radial ejection if tiie RF voltage is scanned 
through an appropriate amplitude range, except possibly for very low mass 
ions* 

As a further alternative, and instead of scanning either the RF 

15 voltage applied to rods 38 or the auxiliary AC voltage applied to end lens 
42, a further supplementary or auxiliary AC dipole voltage or quadrupole 
voltage may be applied to rods 38 (as indicated by dotted connection 57 in 
Hg. 1) and scanned, to produce varying fringing fields which will qect ions 
axially in tiie manner described. As is well known, wh^ an auxiliary 

20 dipole voltage is used, it is usually applied between an opposed pair of the 
rods 38, as indicated in Fig. la. 

Alternatively, a combination of some or all of the above tiiree 
approaches (namely scanning an auxiliary AC field applied to the end lens 
42, scaiming the RF voltage applied to the rod set 38 while applying a fixed 

25 auxiliary AC voltage to end lens 42, and applying an auxiliary AC voltage 
to the rod set 38 in addition to that on lens 42 and the RF on rods 38) can be 
used to eject ions axially and mass dependently past the DC potential 
barrier present at the end lens 42. 

The device illustrated may be o|>erated in a continuous 

30 fashion, in which ions entering the main RF contaiiunwt field applied to 
rods 38 are transported by their own residual momentum toward the exit 
lens 42 and tdtimate axial ejection. Thus, the ions which have reached the 
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extraction volume in the vicinity of the exit lens have been 
preconditioned by their numerous collisions with background gas, 
eliminating the need for an explicit cooling time (and the attendant delay) 
as is required in most conventional ion traps. At the same time as ions are 
5 entering fhe region 60, ions are being ejected axially from region 54 in the 
mass dependent maimer described. 

It is noted that die extraction volume 54 in the vicinity of fhe 
exit lens is quite small. The exit lens 42 is normally placed very close to 
the ends of the rods 38, e.g. 2mm from the rod ends (as mentioned). The 

10 penetration of the fringing fields from the exit lens 42 into the space 
between the rods 38 is believed to be very small^ typically of the order of 
between 0.5mm and 1.0mm, so the extent of volume or region 54 is 
^caggerated in Fig. 1, for clarity of illustration. 

As a further alternative/ the DC offeet applied to all four rods 

15 38 (which in the example given is -5 volts) can be modulated at tiie same 
frequency as tiie AC which would have been applied to exit lens 42. In tiiat 
case no AC is needed on exit lens 42 since modulating the DC oHset is 
equivalent to applying an AC voltage to the exit lais, in that it creates an 
AC field in the fringing region. Of course the DC potential barrier is still 

20 applied to the exit lens 42. The amplitude of the modulation of the DC 
offset will be the same as the amplitude of the AC voltage which otherwise 
would have been applied to the exit lens 42, i.e. it is set to optimize the 
axially ejected ion signal. Then, either the RF amplitude is scanned to 
bring ions sequentially into resonance with the AC field created by the DC 

25 modulation^ or else the frequency of the modulation is scanned so that 
again, whm such frequency matches a radial secular frequency of an ion in 
the fringing fields in the vicinity of the exit lens, the ion will absorb energy 
and be ejected axially for detection. The rod offeet would not be modulated 
until afrer ions have been injected and trapped within the rods, since the 

30 modulation would otherwise interfere with ion injection, so ttus process 
would be a batch process. This is in contrast to the continuous process 
possible when AC is placed on the exit lens, in which case ions can be 
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ejected from the extraction region 54 at the same time as ions are entering 
region 60 (because the AC field on exit lens 42 does not affect ion 
injection). 

The highest efficiency in a continuous mode operation is 
5 achieved when the ion ejection rate is faster than tiie rate at which ions of 
the desired mass/charge ratio are injected into the rods and travel along 
them to the exit lens 42. Ion ejection processes can reqtdre some tens of 
milliseconds. The time required for ions to travel from one end to the 
other of the rods 38 depends on the lengths of the rods themselves, the 

10 initial energy of the ions, and the pressure in the vacutun chamber 34. In 
some cases ihe end-to-end transit time will dominate, but more often the 
time required to extract the ions from the region in the vicinity of the exit 
lens 42 will be more important. Thus it may be desirable to manipulate 
the axial energy of the ions to afford an optimum match between the time 

15 required for the ions to reach the extraction region 54, and the time for the 
ejection process itself to occur. Further/ it may be of utility to be able to 
control the concentration of ions in the vicinity of the exit lens to reduce 
or enhance the local charge density in that region, depending on the 
application. 

20 One method of matching the time required for ions to travel- 

from one end to tiie other of the rods 38 to the time required to eject the 
ions is to apply an axial field along the rods 38. Methods for imposing 
axial fields of this kind are described in copending application serial no. 
08/514,372 filed August 5, 1995 and entitled '^Spectrometer with Axial 

25 Field" assigned to the assignee of this application. An applied axial field in 
the direction of the exit lens 42 will tend to concentrate ions in the region 
of rods 38 in the vicinity of lens 42, i.e. in the volume 54 of the device 
from which flie ions are extracted. An applied axial field in the opposite 
direction will tend to deplete ions from the extraction volume 54, and may 

30 also be desirable in some cases. 

Several techiuques are available as described in the above 
identified copending application serial no. 08/514,372 for providing an 
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axial field by modification of the electrode geometries. Such arrangements 
include tapering the rods, or locating one pair of rods nearer the center 
line at one end of the device and the other pair of rods nearer the center 
line at the other end of the device, or segmenting the rods axially and 
5 applying di^rent DC offeets to successive segments. The disclosure and 
drawings of said application are hereby incorporated by reference into this 
application. 

One typical electrode geometry which may be used is that 
depicted in Fig. 2, where primed reference numerals indicate parts 

10 corresponding to tiiose of Fig. 1. Here, the rods 38' are divided into 
segments 38-1' to 38-6', with DC offsets VI to V6 which increase in negative 
value applied to successive segments from 38-1' to 38-6'. This arrangement 
will provide an axial field as described in said application. Such an 
arrangement will strongly concentrate ions in the voltune near the exit 

15 lens 42' and will increase the coupling of axial and radial ion motion. 

If desired^ the axial field can be oscillated as described in the 
above mentioned copending application. Such oscillation may enhance 
axial ejection of ions trapped in the volume near the exit lens 42. It can 
also be used for ion dissociation as described in said application, by 

20 oscillating the ion population trapped in the rod structure about tiheir 
equilibrium positions^ 

The system described can be considered as being an open- 
ended three-dimensional ion trap, where the open end is an integrated 
high efficiency ion injection device (supplied by ion source 14). The ions 

25 in the vicinity of the exit lens 42 experience a three-dimensional trapping 
field comprised of radial and axial components. Radially the ions are 
contained by the main RF field applied to the linear rods 38. Axially the 
ions are contained at the exit end of the device by the DC potential on the 
exit lens 42, and are contained at the entrwce end of the device by tiie 

30 pot^tial gradient from the applied axial field (or from the skimmer 32). 
The ions are also to some extent contained in the trapping region or 
volimie 54 by the field created by ti\e build-up of charge density upstream 
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of that region. It will therefore be appreciated that the actual trapping 
volume 54 is variable along the axial or Z direction* 

If desired^ the RF on the rods 38 can be scaimed to eject ions 
mass dependently, while keeping a DC potential barrier on end lens 42 but 
5 with no AC field on end lens 42, no modulation of the DC offset on rods 
38, and no auxiliary AC field on rods 38. In tiiat case, ions in the fringing 
fields at the downstream ends of rods 38 will leave axially mass 
dependently and be detected, but most of the ions between rods 38 (those 
in region 60) will leave radially and will be wasted. The wastage can be 
10 i^uced by segmenting rods 38 as shown in Fig* 2, making the last set of 
segments 38-6' very short (e.g. less than 1cm), and scanning the RF for 
ejection only on segments 38^'. In this way, a higher proportion of the 
ions between rods 38-6' will be ejected axially mass dependently, for 
detection. 

15 Often many of the ions from conventional ion sources are of 

little or no analytical utility. Examples of such ions are low mass solvent 
and cluster ions. These ions simply serve to increase the overall charge 
density within the ion trap at the expense of optimum performance^ 
Various techniques may be used to eliminate such imwanted ions from 

20 the linear ion trap described. One such metiiod is to operate the main RF 
voltage from power supply 50 at a level where the analytes of interest are 
stable within the rod structure 38, but the unwanted ions are tmstable. For 
example if the unwanted ions are in the mass to charge range 10 to 100, 
and the ions of interest are in the mass to charge range 200 to 1,000, then 

25 the main RF voltage can be operated at 214 volts peak to peak. 

Another method of eliminating tmwanted ions from the ion ' 
trap is to apply an additional auxiliary AC voltage between opposite pairs 
of the rods 38, to resonantly eject tiie unwanted ions radially out of the rod 
set. This technique is well known, as mentioned. In the technique an 

30 auxiliary AC voltage, of magnitude equal to about 10% of the level of the 
main RF voltage and of much lower frequency, is tjrpically applied 
between opposite pairs of rods. The auxiliary AC voltage, of appropriate 
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amplitude and frequency, may be scanned to resonantly eject unwanted 
ions radially. 

The use of resonant ejection to eject ions is disclosed in 
Langmuir VS. patent 3,334,225, in Syka et al. U.S. patent Re34,000, and in 
5 Kelley U.S. patent 5,381,007 and is also disclosed in Douglas U.S. patent 
5,179;278 assigned to the assignee of fliis application. 

Another technique for removing imwanted ions is to apply 
low voltage DC to opposite pairs of rods to make the rods 38 act as a low 
resolution mass spectrometer. Hie magnitude of die DC applied will be 
10 such tiiat the combination of AC and tX^ ejects ions only in the low mass 
range which is not of interest. 

Finally, imwanted ions can be eliminated from rods 38 by the 
application of a filtered noise field to the rods, such that only ions of 
interest are stable within the rod structure and can be stored. The use of 
15 such a filtered noise field is disclosed in Langmuir U.S. patent 3,334,225 
issued August 1, 1967 and in Kell^ U.S. patent 5,381,007 issued January 10, 
1995. 

One of the disadvantages of most ion traps is that as 
mentioned, they cannot accept additional ions while performing an 

20 analysis. When using continuous ion sources this leads to reduced duty 
cycles and decreases overall sensitivity, since many or in fact most of tiie 
ions gaaerated by the source are not analyzed and are wasted. Douglas U3. 
patent 5,179,278 teaches that a multipole inlet system can reduce these 
problems by accepting and storing ions from the ion source while the ion 

25 trap is performing an analysis. This can dramatically enhance the overall 
^ system sensitivity by increasing duty cycle. Figure 3 illustrates a device 
which uses these principles. 

In the Fig. 3 device, in which double primed reference 
numerals indicate parts corresponding to those of Fig. 1, the rods 38" have 

30 been divided into three sets of rods 38a, 38b and 38c. Rods 38a are used to 
pre-trap ions from the continuous ion source 14". The rods 38b are used as 
an RF rod mirror titiat can reflect or transmit ions, by changing the DC 
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offset of rods 38b. The rods 38c and lens 42" serve as the open-ended ion 
trap previously described, for analysis of ions which are injected into rods 
38c through ttie rods 38b- 

In operation, the RF and DC voltages on rod set 38a are set to 
5 acc^t ions within a mass range of interest, while the AC and DC voltages 
on rod set 38b are set to reflect ions, so that a population of ions 
accumulates in rod set 38a. (The operation is exactly as described for rod 
set 44 in U-S. patent 5,179,278.) After a predetermined time, tiie voltages 
on rod set 38b are dianged to allow passage of the accumulated ions in rod 

10 set 38a dirough rod set 38b to rod set 38c. The RF voltage and DC ofiiset 
voltage applied to rod set 38c, and the AC and DC voltages applied to lens 
42", are set such that rod set 38c operates as an ion trap with axial ejection 
as described in connection with Fig. 1. Thus, ions are axially ejected in a 
mass dependent m2inner from rod set 38c, as previously described, for^ 

15 detection in detector 46". 

While mass analysis is being performed in rod set 38c, the 
voltages on rod set 38b retum to the ion reflection mode and further ions 
from the source 14'' are stored in rod set 38a. An advantage of this 
configuration is that while ions are being analyzed in rod set 38c, ionS; 

20 from the continuous source are acctunulated for subsequent analysis in 
ttie pre-trapping region, i.e. rod set 38a, and are not lost. As U.S. patent 
5,179,278 teaches, proper optimization of Ihe time to collect sufficient ions 
to fill the analysis region of the device, the time to empty the pre-trap 
region, and the time to perform analysis can result in very high duty 

25 cycles, and thus high overall sensitivity. Of course even in the Fig. 1 
arrangement, ions are collected in region 60 of rods 38 while ions from the 
extraction region 54 are being ejected, so that some ions can be collected 
while the ion trap constituted by rods 38 and lens 42 is scanning out ions. 
However the Fig. 3 version allows storage of more ions since a larger 

30 volimie can be used. In addition, some DC can conveniently be applied 
between the pairs of rods of rod set 38a to eliminate imwanted ions, thus 
reducing space charge effects in rod set 38c. 
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By way of example, 0.1|iM (micro moles) of reserpine (having 
mass to charge ratio 609) was introduced using the well known ion spray 
source (not shown) into a conventional mass spectrometer model API 300 
produced by Sdex Division of MDS Inc. of Concord, Ontario, Canada. A 
5 simplified diagrammatic view of the model API 300 ion optical path is 
shown in Fig. 4, where the gas curtain entrance plate is indicated at 70, the 
gas curtain exit plate is indicated at 72, the skimmer plate is shown at 74, 
and four sets of rods are indicated as QO, Ql, Q2 and Q3, with orifice plates 
IQl between rod sets QQ and Ql, IQ2 between Q2 and Q3/ and IQ3 between 

10 Q2 and Q3. The exit lens is indicated at 76 and the detector (a chaimel 
electron multiplier) is indicated at 78- 

In the Fig. 4 example, the pressures were 2.2 Torr in chamber 
80, 8 milli-Torr in chamber 82 and 2 x 10-5 Torr in the remainder of the 
vacuum chamber 84. The applied DC voltages were: ground at skimmer 

15 plate 80; -5 volts DC at QO, -7 volts DC at IQl, -10 volts at Ql, -20 volts at 
IQ2,-7 volts DC atQ2,-3volts£)C at IQ3 (which served as Ihe equivalent of 
the exit lens 42); -15 volts DC on C^, and 0 volts on ttie final exit plate 76. 
All resolving DC voltages were removed from the quadrupoles. 

Q2, which was normally a collision cell, was configiured to 

20 trap ions and had a cell pressure of 1 x 10-^ Torr. In additicm, an auxiliary 
AC voltage was applied to tiie exit lens IQ3* The auxiliary AC power 
supply could produce 100 volts peak to peak, at frequency one-ninth that of 
the main RF frequency, and was synchronized and phase locked to the 
phase and frequency of the main RF frequency, (The main RF frequency 

25 was 816 kHz so that of the auxiliary AC voltage was 90.67 kHz.) 

The aiixiliary AC voltage was held at 47 volts peak to peak, its 
frequency was held constant at 90.67 kHz for the experiment, and the RF 
voltage applied to tfie Q2 rods was scanned to obtain a mass spectrum. 
Although scanning the amplitude of RF voltage changes the trapping 

30 conditions and could eject very low mass ions, the q of tiie device is so low 
under the conditions described that ions of interest trapped in tiie rod set 
Q2 are not normally ejected (imless the experimenter is interested in 
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extremely low mass ions). 

The sequence of events in the experiment was: 

(a) A short pulse of ions was allowed to pass from QO into 
Q2 (Ql performed no function except as an ion pipe 

5 during this experiment) by changing the DC lens 

voltage on IQl from +20 volts (which stopped ions) to - 
7 volts (for ion transmission). 

(b) Ions that were trapped in Q2 were then scanned out 
axially by ramping the RF applied to the Q2 rods^ 

10 typically from 924 volts peak to peak to 960 volts peak 

to peak. 

(c) Q2 was then emptied of any r^idual ions by reducing 
the RF applied to its rods to a very low voltage^ 
typically 20 volts peak to peak. 

15 (d) The sequence was then repeated. 

A typical spectrum produced using this technique is diown in 
Fig. 5, which shows a peak 100 at mass 529.929. Since the spectrtun was not 
mass calibrated, tiie reported peak of 529.929 was incorrect; the true mass 
was 609. 

20 It will be seen diat tiKe peak width at half height^ corrected 

manually for itie mass calibration offeet, is 0.42 AMU. This yields an 
M/AM resolution value at M/Z609 of about 1450, which is a very high 
resolution. In the example shown, good resolution was best obtained by 
scanning slowly, at a scan speed in this example of 78 AMU per second. 

25 However with optimization^ higher scan rates are expected to be achieved. 

In anodier e)q>eriment performed with the Fig. 4 apparatus, 
h*agmentation was performed imder the following conditions: 

(a) TWo volts trapping DC were applied to lens IQ3. 

(b) 62 volts (peak to peak) AC at 90.67 kHz were applied to 
30 lens IQ3. 

(c) Ql was set to a resolving mode (KF and DC were 
applied) to allow only transmission of a selected parent 
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ion, namely renin substrate tetra decapeptide (M + 
3H)3+atm/2 587. 

(d) Q3 was set to RF only (the resolving DC was removed). 

(e) Q2 was pressurized with 1 x 10"^ Tort helium* 
5 The experimental steps were: 

1. A ptdse of m/z 587 ions was allowed to pass fo>m QO to 
Q2 by changing ttie voltage on lens IQl from 20 volts to 
-7 volts. 

2. Ions wittiin Q2 were excited by setting the RF rod 
10 voltage to 897.8 volts peak to peak for 50 ms- This was 

an excitation step. Ions in Q2 which were in resonance 
with the applied AC field (on IQ3) were excited 
(absorbed power) and, because of their increased kinetic 
energy, were either ejected from the trap or fragmented 
15 due to collisions with the backgroimd gas. 

3. Inunediately after the 50 ms excitation step, ions in QZ 
were scanned out mass dependently axially by 
scanning the Q2 KF rod voltage from 800 volts peak to 
peak to 1,422 volts peak to peak. This step simply took 

20 a "snapshot" of the ions that had remained in the trap 

after the excitation step. 
The observed ions are shown at peaks 104, 106, 108 in Fig. 6. 
Again the mass spectrum was not calibrated and is shown corrected. Peak 
108 is the parent ion at m/z 587 (triply charged), while the fragment ions 
25 m/z 697 and m/z 720 are shown at 106, 108 (they have higher m/z ratios 
because they are only doubly charged). 

Thus, it will be seen that coUisional fragmentation can readily 
be performed in the linear trap described, and the fragment ions can be 
scanned axially in a mass dependent manner for detection and analysis. 
30 In yet another e^eriment performed with the Fig. 4 

apparatus, a mass spectrum was provided tmder the following conditions. 
No auxiliary AC voltage was applied to tiie exit lens IQ3, but instead only 
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the standard DC barrier field was provided at lens IQ3. in this situation, 
mass selective ejection from rod set Q2 in the axial direction will still 
occxir, through the coupling of the radial and axial degrees of freedom of 
the trapped ions by the fringing fields in the vicinity of the exit lens IQ3. 
5 Without an auxiliary AC voltage applied to lens ions are ejected from 
Q2 at a q value corresponding to the stability limit of approximately 0.906* 

Xn Has method of operation, ions are trapped in rod setQ2 by 
ihe applied DC field on the exit lens IQ3, and then the RF voltage on tiie 
rods of rod set Q2 is increased such diat the q of the trapped ions exceeds 

10 approximately 0«906* This leads to radial ejection in regions of rod set Q2 
where the fringing fields are negligible. The radially ejected ions will 
travel toward all four rods and will be lost. However in tite vidnily of the 
exit lens IQ3^ where flieie is significant radial/axial coupling, axial ejection 
occurs. When q is greater tihan about 0.906, the rod set Q2 will be emptied 

15 of all of the analyte ion through the combination of radial and axial 
ejection. In addition, when the q value is greater than about 0.906, 
subsequent ions from the ion source (passing through QO, Ql and Q2) are 
no longer stable in the rod set Q2 and cannot be accumulated. 

The fringing fields in the vicinity of exit lens IQ3, created by 

20 the interaction of the DC barrier field on lens IQ3 and the KF field on rod 
set Q2, extend only a short distance into rod set Q2 in tiie vicinity of ti\e 
exit lens IQ3. As mentioned, the distance of such penetration is not 
presently known and so far as the applicant is aware, no mathematical 
model for determining the depth of penetration presently exists. The 

25 depth of penetration will however increase as the exit lens IQ3 is brought 
closer to the rod ends of Q2. Since the rod set Q2 in Fig, 4 was 200 m m 
long, therefore when the RF on the rod set Q3 is ramped, most of the ions 
are lost to radial ejection and only a relatively small proportion are axially 
ejected* However because tfie duty cycle is so much higher than with 

30 conventional instrimients, it is fotmd that the signal level achieved is of 
the same order as or better than those achieved with conventional 
instruments. (This is because, as mentioned, ions are being accumulated 
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and trapped in Q3 while Q2 is performing its analysis.) If desired, Q2 may 
be made shorter, so as to lose fewer ions to radial ejection, while still 
keeping Q2 long enough to avoid tmdesirable effects such as space charge 
effects. 

5 In addition, it is foimd that when no auxiliary AC voltage is 

applied to the end lexts IQ3, but instead when the fringing fields are 
produced simply by the interaction of the DC barrier field on Hxe end lens 
with the RF applied to the rod set Q2 (or with an auxiliary AC voltage 
applied to rod set Q2), dien fewer parameters need to be manipulated and 

10 useful signal can more readily be obtained. 

By way of exEunple, a IjiM solution of reserpine with mass to 
charge ratio of 609 was introduced into the Fig. 4 instrument. The relevant 
voltages and pressures were as follows. The presstire in chamber 82 was 8 
milli-Torr, and in the remainder of the vacuum chamber 84 was 2 x 10"^ 

15 Torr. The applied DC voltages were: ground at skimmer plate 74, -5 volts 
DC at QO, -10 volts DC at IQl, -6.5 volts DC at Ql, -15 volts DC at IQ2, -20 
volts DC at Q2, -14 volts DC at IQ3, -20 volts DC at Q3, and 0 volts on the 
final exit plate 76. All resolving DC voltages were removed from the 
quadrupoles. 

20 The standard collision cell Q2 was configured to trap ions and 

had a pressure of 1 x 10^ Torr of helitim. As mentioned, no auxiliary AC 
voltage was applied to the exit lens IQ3. 

The sequence of events in the experiment was: 

(a) A short pulse of ions was allowed to pass from QO into 
Q2by changing the DC lens voltage on lens IQl from 
+20 volts to -7 volts. 

(b) The ior\s trapped in collision cell Q2 were then 
scanned out axially by ramping the RF applied to the 
Q2 rods, typically from 1,350 volts peak to peak to 1,540 
volts peak to peak. 

(c) The sequence was then repeated. 

A typical spectrum obtained with the technique described 



25 
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above is displayed in Fig. 9, which shows the reserpine parent ion at mass 
611, indicated at reference 120. The instrument was slightly out of 
calibration, causing the correct mass of 609 to be reported as 611. Although 
the peak width at half height is broad (approximately 4 AMU), the 
5 configuration descrii^ed is easy to optimize, can be scanned rapidly (e.g. up 
to or more than about 5/000 AMU per second) and provides svifficient 
resolution for many applications. In addition it is believed that the mass 
resolution can be aihanced. 

Instead of ramping the RF field applied to rod set Q2, an 

10 auxiliary dipole AC field may be applied to rod set Q2, typically across one 
pair of rods. Typically the dipole field is set at a low level, e-g. 1 volt, to 
excite ions radially but not enough to eject them, and then the RF field is 
ramped in amplitude as before to mass dependently eject the ions from the 
rod set past the barrier field at the end lens. Alternatively, the RF can be 

15 fixed and the frequency of the dipole field can be ramped to excite the ions. 
Note that when a tmiform dipole field is applied, ions are excited along 
the length of rod set Q2 but remain in the rod set, and under the influence 
of an axial DC field can be drifted toward the exit ^d of rod set Q2, where 
Iheir radial movement is converted into axial movement by the fringing 

20 fields. Usually ttie axial motion created by this coupling will then be - 
augmented by ramping Hie RF or dipole fields to mass dependently axially 
eject the ions past the barrier field of the end lens, for detection. An 
auxiliary quadrupole field may be used instead of the auxiliary dipole field, 
with similar results* 

25 Reference is next made to Fig. 10, which shows a mass 

spectrometer s)^tem similar to that of Fig. 4, and in which corresponding 
reference nxunerals indicate corresponding parts. Only the differences 
frmn Fig. 4 will be described. The Fig. 10 mass spectromc^ter may be used as 
a hig^ resolution axial ejection ion trap. 

30 In Fig. 10, rods STl and ST2 ("ST" means "stubbies") are 

provided. These are simply short (typically one inch long) rods which 
form conventional Brubaker ion lenses. The rods of Ql and Q3 are also 
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short, typically one inch long. 

A cooling gas sotirce 130 supplies an inert gas, e.g. helitim, to 
the Q2 rods at about 1 milli-Torr (as described but not shown in connection 
with Fig. 4). 

5 In the conventional instrument shown in Fig. 4, RF from the 

main power supply 50 (not shown in Fig. 4) was connected to the Q3 rods, 
and RF for Q2 was capadtively coupled from the Q3 rods. In the Fig. 10 
arrangement, RF from the power supply 50 (typically at 1 MHz) is 
ccmnected directly to the Q2 rods, and RF on rods STl and Q3 is derived 
10 from the Q2 rods by capadtive coupling through capacitors CI, C2. This 
allows the RF amplitude on the Q2 rods to be made relatively high (higher 
in amplitude than that on the Q3 rods). 

In operation, rods QO, STl, Ql, ST2 and Q3 are all operated in 
an RF-only mode, i.e. in an "ion pipe'' or ion transmission mode. The 
15 pressure in STl, Ql, ST2 and Q3 is typically about 3 x 10^5 Xorr. 

Lens IQ3 is made slightly repulsive^ e.g. by about 2 volts, witii 
respect to die rod offset on Q2 (as before). 

The Fig. 10 arrangement is preferably operated to excite 
trapped ions in Q2 with an auxiliary AC frequency (from source 56) applied 
20 to IQ^ at twice the secular frequency of the trapped ions (or if desired at 
three times or more the secular frequency). It is found, for reasons that are 
not fully imderstood, that this provides increased resolution. 

For example, reference is next made to Fig. 11, which shows a 
mass spectrum for reserpine, made using the Fig. 10 arrangement witii 
25 auxiliary AC applied to I03 at 300 kHz. The auxiliary AC amplitude on 
IQ3 was 16.5 volts (peak to peak). It will be seen that the spectnun of Fig. 
11 has improved resolution (m/Am approximately » 850) as compared 
with that of Fig. 5. 

Reference is next made to Fig. 12, which shows another 
30 reserpine spectnmi made from the Fig. 10 arrangement, but with ttie 
auxiliary AC frequency applied to IQ3 now at 889 kHz (again twice the 
secular frequency at the q in question for the ions being detected)* In 
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addition, a small amount of resolving DC (2*0 volts) was applied to the Q2 
rods from DC soiirce 132 (Fig. 10) in power supply 50. It will be seen that 
the resolution m/Am was vastly increased and was now 7^000, measured at 
the 50% level. The three peaks shown in Fig. 12 are the singly charged 
5 reserpine isotopes with one amu spacing. For the Fig. 12 spectrum, the AC 
amplitude applied to IQ3 was 16.5 volts (p-p). 

Fig. 13 shows another spectrum obtained with the Fig. 10 
arrangement, operating as described in connection with Fig. 12. However, 
in this case the substance being analyzed was renin substrate. As shown in 

10 Fig. 13, five triply charged peaks from tiie (M+3H)3+ ion at m/z 587 (not 
mass calibrated) were displayed, all very close to each other, with a 
resolution m/Am of about 6500. 

Fig. 14 shows another spectrum, for renin, using the Fig, 10 
arrangement operated as described in connection with Fig. 13, i.e. with the 

15 auxiliary AC frequency applied to IQ3 at 889 kHz. The peaks shown in Fig. 
14 repres^t quadruply charged ions from the (M+4H)^'^ ion at m/z 440 
(not mass cedibrated), and it will be seen that four peaks are displayed 
witiiin about 1 m/z unit. The resolution approaches that of a time-of- 
flight mass spectrometer, but with much less cost and fewer operating 

20 difficulties, although ^e scanning time is slower than that of a time-of-" 
flight instrument. 

It is believed that tite higher KF amplitude on Q2 creates a 
radial ''well" for the ions, which well has a deeper well depth than 
previously. This causes the ions to be more tightly confined spatially in 

25 the radial dimension, thereby giving better dispersion of the secular 
frequencies, which helps achieve the higher resolution. It is not, however, 
fully understood why the auxiliary AC excitation at frequencies which are 
2 times or more that of the ion^s secular frequency leads to higher 
resolution. 

30 Next, a modification of the Fig. 10 arrangement was used, in 

which no gas was added to the rods, so that the pressure in the volume 
defined by the rods was approximately the same as diat in the other rods 
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(e.g. 2 X 10-5 Torr). AgEun, a small amount of resolving DC was applied to 
the rods of Q2 from DC source 132 in power supply 50 (in Fig. 10). It was 
found/ as will be seen from the following spectra to be explained, that 
although tills lack of cooling gas resulted in some loss of resolution, the 
5 resolution remained quite good (approximately unit resolution), but the 
sensitivity (i.e. the amotmt of ion signal produced) increased very 
substantially. In fact die ion signal obtained was 10 to. 50 times higher 
without gas than with gas* In addition, it became possible to increase the 
scanning speed greatly while still achieving the higher sensitivity and 

10 reasonably good resolution. 

It is believed that the higher sensitivity (increased ion signal) 
resulted becatise with gas in the Q2 rods, the trapped ions were 
collisionally cooled and forced into a relatively small volume in which 
space charge efiects became noticeable. The space charge effects limited the 

15 number of ions which the trap constituted by rods Q2 could handle 
without spectral degradation. Without the cooling gas, the ions within tiie 
Q2 rods occupy a larger volume which can hold a larger number of ions 
before space charge effects become a problem. 

In the mode of operation now contemplated for Ae Fig. 10 

20 cirrangement, ions are accumtdated in QO (trapped by lens IQl) while ions 
are being scanned out of Q2, just as described in connection with Fig. 3. As 
described in connection with Fig- 3, this results in a higher duty cycle, also 
increasing sensitivity. 

Fig. 15a shows a mass spectrum for reserpine made using the 

25 above-described mode of operation of the Fig. 10 arrangement (pre* 
trapping in QO, no cooling gas added to Q2, and a small amount of 
resolving DC on C^). Fig. 15b shows a close*-up of mass 364, and Fig. 15c 
shows a close-up of mass 537, from Fig. 15a (the spectrum was not 
calibrated so the masses shown are not the actual masses). It will be seen 
30 tiiat the resolution is less than before, although still approximately unit 
y resolution, but the intensity is 10 to 50 times higher than the previous 

reserpine spectra, as shown for example in Fig. 12. The reasons for the 
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increased sensitivity were the reduction in space charge effects catised by 
the elimination of the cooling gas, the increased duty cycle from pre- 
trapping in QO, and the use of a small amount of resolving DC. A further 
advantage of this mode of operation is that as indicated in Fig. 15^ the scan 
5 rate was 3350 amu per second (which was the limit of the electronics used 
in Hie test), whereas with cooling gas in the Q2 rods, tihe scanning rate was 
much lower (typicedly 120 amu per second). 

While it is not fully imderstood why the application of 
resolving DC during the scan improves ihe sensitivity. Figs. 16a to Fig. 16d 

10 (whidi are spectra from 100 pg/|iLof reserpine, not mass calibrated) show 
clearly the benefits of using resolving DC during the mass dependent axial 
ion scan from Q2. Fig. 16a shows the spectrtun when resolving DC was 
applied during both fill of and scan from Q2, while Fig. 16b shows the 
spectrum when resolving E)C was applied during the scan only from Q2. 

15 In bofli cases, the sensitivity for the peaks indicated at reference numerals 
134a, 136b was very high (more than 6 x 10^ ion counts per second). 

In contrast, as shown in Fig. 16c, where resolving DC was 
applied during the fill of tiie Q2 rods but not during the scan, and in Fig. 
16e where no resolving DC was applied during the fill or the scan, the 

20 sensitivity for peaks 134c, 134d was much lower (about 2 x lO^cotmts per 
serand) and the mass resolution was much poorer. 

As mentioned, the reason why the application of resolving 
DC to the Q2 rods, dxulng the mass dependent axial ion scan from 
through the repulsive barrier constituted by the voltage on lens IQ3^ 

25 increases performance £sensivity and resolution) is not clearly imderstood. 
However, it has been determined that a wide range of resolving DC 
voltage amplitudes will suffice. For example, resolving DC voltages from 
as low as 0.5 volts up to 50 volts have been used, and all have generally the 
same beneficial effect. 

30 Another example is shown by the spectrum of Fig. 17a, for 

minoxidil, and by the spectra of Fig. 17b and 17c which show two peaks 136, 
138 from tfie Fig. 17a spectrum. The Figs. 17a, 17b and 17c spectra were 
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made tising the Fig. 10 apparatus in the mode just described, with no 
cooling gas added, and with pre-trapping in QO, and with added resolving 
DC Because the mass scale has not been calibrated, the feature reported at 
192221 amu is actually the minoxidil (M + H)+ ion. Again, it will be seen 
5 that the sensitivity was very high (more than 6 x 10^ cotints per second for 
the smaller peak 138); the resolution was good (unit resolution or better), 
and the scan rate was 3350 amu per second, which was considered to be 
very higjh. 

Fig* 18 shows a mass spectra for renin substrate, again 

10 obtained using the Fig* 10 arrangement as just described, with no cooling 
gas in the Q2 rods, pre-trapping in the QO rods, and resolving DC applied to 
the Q2 rods. The resolution was good (although not as good as in the Fig. 
13 spectrum), but tihe sensitivity was more than 5 x 10^ coxmts per second 
for the (M + 3H)3+ ion, as compared witti only about 2 x 10^ cotmts per 

15 second for the Fig* 13 spectrum. 

The Fig. 10 arrangement, operated without cooling gas as 
described, can be simplified as shown in Fig. 19, in which corresponding 
reference remarks indicate parts corresponding to diose of Fig. 10. As 
shown, in the Fig. 19 arrangement Q2, ST2 and have been eliminated* 

20 While QO is used to accimiulate ions during scanning, as before, ions are 
now trapped in Ql (instead of in Q2), and are then scaimed mass 
dependently axially out of Ql past repulsive barrier IQ2. The auxiliary AC 
may be applied from source 56 either to barrier IQ2, or to the Ql rods, 
depending on the mode of operation desired (the second arrangement is 

25 shown). The ions axially scanned from Ql are focussed by exit lens 76 into 
detector 78 for recording of the ion count. Resolving DC is applied to the 
Ql rods as before, but since the Ql rods are ordy one inch long, as 
compared with the 5 inch rods used in Fig* 10, and since their dimensional 
tolerances i\eed not be high, they are quite inexpensive* Nevertheless, 

30 essentially the same sensitivity and resolution can be achieved with the 
Fig. 19 emrangement as wi& die Fig* 10 arrangemoit. 

To demonstrate this, reference is made to Fig, 20, which 
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shows a mass spectrum obtained for reserpine, using the Fig, 19 
arrangement and with 1.0 MHz RF^ and 3.0 volts resolving DC applied to 
the Ql rods. No auxiliary AC was applied to the Ql rods nor to IQ2 so the 
mass selective axial ion ejection occurred at approximately q=0.9. It will be 
5 seen that the sensitivity for mass 609 was more than 4.8 x 10^ cps, and the 
resolution was reasonably good. 

Fig. 21, which shows two q>ectra for reseipine made using the 
Fig. 19 arrangement, demonstrates that space diarge effects did not cause 
difficulty even with the very short one inch trapping rods of Ql. In Fig. 21, 

10 peak 150 identifies mass 609 for 100 pg/^L reserpine, while peak 152 
identifies the corresponding peak (mass 609) for 10 nanograms/|iL 
reserpine. Had space charge effects been present, the peak 152 at the higher 
concentration would have moved and broadened, but this has not 
occurred despite the fact that the ion detection electronics have been 

15 saturated by the response from the 10 nanogram/jiL solution. 

In summary at this point, it will be seen that scanning witii 
the Fig. 10 arrangement using cooling gas allows very high resolution, 
although at relatively modest scan rates. Scanning without cooling gas 
offers less resolution, but provides resolution which is acceptable in most 

20 applications, witii higher sensitivity and faster scanning. > 
An advantage of tiie methods described is tiiat a conventional 
commercially available mass spectrometer, such as the model API 300 
illustrated in simplified form in Fig. 4, can be operated using at least some 
of the methods. This can produce 10 times the signal intensity and at least 

25 the same resolution, simply by changing the previoxisly used operating 
procedure. Alternatively, since in a standard model API 300 mass 
spectrometer QO obtains its RF from Ql and therefore is forced to scan 
when Ql scans, QO can be supplied witii separate RF so it can accumulate 
and pre-trap ions while Ql is scanning ions out axially in a mass 

30 dependent manner. 

A modification of the Fig. 10 arrangement, shown in Fig. 22, 
can also be used to perform MS/MS. In this mode of operation, ions are 
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pre-trapped in QOby a suitably repulsive voltage on lens IQl, and are then 
at appropriate times pulsed into Ql, which acts as a trap (without added 
cooling gas), wiih a repulsive voltage on lens IQ2 to trap ions in Ql. RF is 
applied directly to Ql from power source 50 for dxis purpose, together with 

5 a small amotuit of resolving DC for the purpose described. 

Ions (parent ions) trapped in Ql are mass dependently 
scanned axially out of Ql into Q2, which contains collision gas (from a 
source not shown) to dissociate the parent ions or fragment them, to 
produce fragment ions. 

10 The ions in Q2, namely a mixture of fragment and parent 

ionS/ are permitted to leave Q2 \mder the influence of the rod offeet 
voltages and enter Q3, where they are trapped by a repulsive EXT voltage 
applied to one of the lenses 76. The mixture of trapped ions in rods Q3 is 
then axially scanned out mass selectively for detection by detector 78 and 

15 recording of the ion coxmt. Separate auxiliary AC voltages may be applied 
to the Ql and Q3 rods, from power supplies 50a, 50b, either as dipole or 
quadrupole voltages, as described and as shown in Fig. 22. Alternatively, 
separate auxiliary AC voltages may be applied to lenses IQ2 and 76 for the 
purposes described. Provided tfiat die RF frequency is an integral mtdtiple 

20 of the auxiliary AC frequency^ the AC frequency can be sjmchronized and 
phase locked to the KF frequency. Note that ttie AC and RF frequencies are 
fixed while the RF amplitude is scaimed. 

As an alternative^ the mixture of fragment and parent ions in 
Q2 cEin be trapped there by a suitably repulsive voltage on lens IQ3. The 

25 trapped mixture can then be scaimed axially mass dependmtly out of Q2, 
through ST2 and Q3 (which now are in RF-only mode and act as an ion 
pipe) into the detector 78. In this mode of operation, the resolution will be 
higher than previously described, due to the gas in the trapping rods Q2. 

Yet another approach for performing MS/MS is based on the 

30 apparatus in Fig. 23. Ions are pre-trapped in QO by a suitable reptdsive 
voltage on lens IQl, and are tiien at appropriate times pulsed through Ql. 
Ql is a standard RF/DC quadrupole mass analyzer, with its own power 
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supply 50a to supply RF and resolving DC thereto, and is not operated as 
an ion trap. The RF and DC voltages applied to Ql are chosen to transmit 
the parent ions of interest into Q2^ with other ions being lost radially in 
the usual and well understood manner. QZ contains collision gas from 

5 source 200 to dissociate the parent ions or fragment them, to produce 
fragment ions. The fragment ions and residual parent ions are trapped in 
Ql by a repulsive DC voltage applied to lens IQ3^ in the manner previously 
described. RF, a small amount of resolving DC, and auxiliary AC are 
applied to ttie Q2 rods as previously described. The ions trapped in Q2 are 

10 ^en scanned axially out of Q2 mass selectively toward the detector 78, 
yielding an MS/MS mass spectrum. 

There are several advantages of the coniigiiration described in 
connection with Fig. 23. Firstly, the mass isolation step of the parent ion is 
very simply arid rapid. It simply involves passing the ions extracted from 

15 QO through the conventional resolving mass spectrometer Ql, This 
eliminates the rather long times (milliseconds) involved when parent 
ions are isolated within an ion trap. Furthermore, the capability to 
perform conventional RF/DC scans with Ql remains, which simplifies the 
operation while retaining the advantages of ion trapping and increased 

20 duty cycles. It is understood tfiat the first stage of mass spectrometry (here 
done with Ql) need not be accomplished using a quadrupole mass filter. 
Any mass filter device such as a time-of-flight mass spectrometer, an RF- 
only quadrupole, or a single or double focusing sector mass spectrometer 
would be effective in the parent ion isolation step. In addition, fragment 

25 ions scanned from Q2 can be further fragmented by the method described, 
)rielding further stages of MS- 

Fig. 24 shows an MS /MS spectrum obtained with the 
apparattis described in Fig* 23. Here, a 100 pg/^iL solution of minoxidil 
(molecular weight 209) is introduced into the ion sotirce 14. Ql was set to 

30 transmit a 3 amu wide window centered at m/z 209 into the pressurized 
Q2 which acts as an ion trap. An atixiliary AC voltage at a frequency of 500 
kHz phase locked to die 1 MHz drive RF was applied to the Q2 rods in a 
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qiiadrupole fashion. The AC voltage was 6 V(p-p). 1 V of resolving DC 
was also apptied to Ihe Q2 tods. The collision gas supplied from source 200 
was nitrogen at a pressure of approximately 3 x 10^ Torr^ approximately 10 
to 50 times less timn that currently used in commercial triple quadrupole 
5 mass spectrometers such as that sold by MDS Inc under the name API 300. 

The spectnun in Fig. 24 shows all of the expected minoxidil 
fragment ions at high sensitivity and peak width of <0.15 amu measured 
at half height This resolution is very good. 

The feet that very low collision gas pressure can be employed 

10 in the Fig. 23 apparatus means that small, less expensive vacuxmi pimips 
can be used. This and the fact that the apparattis in Fig. 23 employs only 
one high precision mass filter in the Ql position as apposed to two such 
mass filters in a conventional triple quadrupole mass spectrometer 
represents a significant cost reduction. 

15 It is noted that while previously in this description^ Q2 in 

Figs. 4 and 10 was described as operating at approximately one milli-Torr of 
collision gas pressure, the pressure in Uxose cases may also be reduced 
significantly^ e.g. to 3 x 10~^ Torr. While this pressure is lower than that 
required for operation in the conventional collisionsd focusing regime, 

20 experiments have shown that this low collision gas pressure is adequate to 
produce good results. 

While the invention has been described in connection with a 
quadrupole rod structure, other multipole rod geometries may be used, for 

example octopoles and hexapoles. In addition, although the exit lens 42 

25 has been described as a plate witili an aperture, other configurations of exit 
lenses may be used, for example a short RF-only rod array such as that 
indicated at 102 in Fig. 7 and having A and B poles 102a, 102b. The rod 
offsets of the A and B poles 102a, 102b may dien be resonated at the 
resonance frequency of ttie ion to be ejected, producing axial ejection as 

30 was achieved by the auxiliary AC field applied to exit lens 42* 

While linear rod sets have been described and illustrated, if 
desired curved rod sets may be used. In addition^ while end lenses in the 
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form of a perforated plate, or a short set of rods, have been shown, other 
forms of end lenses may be used* For example, as shown in Fig. 8, the end 
lens 110 may be a segmented plate having wedge-shaped segments 110-1, 
110-2, 110-3, 110-4 and an aperture 112. This allows different fields to be 
5 applied to each segment, to optimize the results, while still limiting the 
quantity of gas which can leave fhe part of the vacuum chamber upstream 
of lens 110. 

While preferred embodiments of the invention have been 
described, it will be appreciated that various changes may be made within 
10 the scope of the invention, and all such changes are intended to be 
included in the accompanying claims. 
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1. A method of operating a mass spectrometer having an 
elongated rod set, said rod set having an entrance end and an exit end and 
a longitudinal axis, said method comprising: 

5 (a) admitting ions into said entrance end of said rod set, 

(b) trapping at least some of said ions in said rod set by 
producing a barrier field at an e3dt member adjacent to 
the exit end of said rod set and by producing an RF 
field between tiie rods of said rod set adjacent at least 

10 ihe exit end of said rod set, 

(c) said RF and barrier fields interacting in an extraction 
region adjacent to said exit end of said rod set to 
produce a fringing field, 

(d) energizing ions in said extraction region to mass 
15 selectively eject at least some ions of a selected mass to 

charge ratio axially from said rod set past said barrier 
field, 

(e) and detecting at least some of tiie axially ejected ions. 

2. A method according to claim 1 wherein said barrier field is a 
20 DCfield. 

^3^^ A mediod according to claim 2 wherein an auxiliarjTTCCT 



voltage is applied to said exit member. 



4 A method according to claim 3 wherein, in said step (d), said 

auxiliary AC voltage is scanned. 

25 5. A method according to claim 1 or 2 wherein a DC offset 

voltage is applied to said rods, and in said step (d), said DC offset voltage is 
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modulated at a frequency to excite sdected ions whereby selected ions are 
mass dependently ejected axially past said barrier field* 

6. A method according to claim 1, 2 or 3 wherein, in said step 

(d), said RF field is scanned. 

5 7. A method according to claim 1, 2 or 3 wherein, in said step 

(d), the amplitude of said KP field is scanned. 

8. A method according to claim 1^ 2 or 3 wherein, in said step 
(d), a supplementary AC voltage is applied between the rods of said rod set. 

9. A method according to claim 1, 2 or 3 wherein, in said step 
10 (d), a supplementary AC voltage is applied between the rods of said rod set 

and said supplementary AC voltage is scanned. 

10. A method according to claim 1, 2 or 3 wherein, in said step 
(d), a supplementary AC voltage is applied between the rods of said rod set, 
said supplementary AC voltage being fixed and said RF field being 

15 scanned. 

11. A method according to claim 3 or 4 wherein said auxiliary AC 
voltage has a frequency which is synchronized and phase locked to the 
frequency and phase of said RF field. 

IZ A method according to claim 1, 2 or 3 and including the step 

20 of applying an axial field along said axis of said rod set. 

13. A method according to claim 1, 2 or 3 and including the step 

of providing a low pressure gas between the rods of said rod set for 
coUisional focussing and cooling of ions therein. 
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14. A method according to claim 1, 2 or 3 and including the step 
of providing said ions from an ion source, providing a second rod set 
between said first mentioned rod set and said ion source, pre-trapping ions 
in said second rod set, and selectively admitting ions horn said second rod 

5 set into said first mentioned rod set for axial ejection from said first 
mentioned rod set and consequent detection. 

15. A metiiod according to claim 1, 2 or 3 and including tlie step 
of ejecting radially from said rod set at least some ions outside a selected 
mass range of interest, before said step of axially ejecting ions. 

10 16. A method according to claim 1 and including the step, before 

axially ejecting said ions, of exciting said ions to dissociate at least some of 
said ions. 

17. A method according to claim 16 wherein said ions are excited 

by applying an axial field to said ions and oscillating said axial field. 

15 18. A method according to claim 1, 2 or 3 wherein, at the same 

time as ions are being admitted into said entrance end of said rod set, ioi^ 
are being mass selectively ejected axially from said exit end of said rod set, 
past said barrier field. 

19. A method according to claim 1 wherein a resolving DC 
20 voltage is applied to said rod set at least during the step of mass selectively 

ejecting ions axially from said rod set past said barrier field, thereby to 
increase the sensitivity of said method. 

20. A method according to claim 19 wherein said resolving DC is 
at least 0^ volts. 

25 21. A method according to claim 19 wherein said resolving DC is 
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between about 03 volts and 50 volts. 

22. A method according to claim 1 wherein a supplementary AC 

field is applied to said rod set at a frequency which is at least twice the 
secular frequency of said ions of said selected mass. 

5 23. A method according to claim 1 wherein an auxiliary AC 

voltage is applied to said exit member at a frequency which is at least twice 
the secular frequency of said ions of said soturce and mass. 

24, A method according to claim 22 or 23 wherein said frequency 

is twice said secular frequency. 

10 25. A method according to claim 22 or 23 wherein a resolving DC 

voltage is applied to said rod set at least during the step of mass selectively 
ejecting ions axially from said rod set, thereby to increase the sensitivity of 
said method. 

26. A method according to claim 1, 19, 22 or 23 wherein said rod 
15 set is evacuated to a low pressure to reduce collisional cooling of ioiis 

therein, thereby to reduce space charge effects within said rod set and 
thereby increasing the sensitivity of said method. 

27. A method according to claim 1, 19, 22 or 23 and including the 

step of applying said RF to said rod set directly from a power supply, 

20 tiieieby to obtain independent control of the amplitude and frequency of 
the RF applied to said rod set. 

28. A med\od according to claim 1, 19, 22 or 23 wherein said rod 
set is approximately one inch in length. 



29. 



A method of operating a mass spectrometer having a 
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pliirality of elongated rod sets in serieS/ each rod set having a longitudinal 
axis^ and th0:€by providing MS/MS, said method comprising: 

(a) emitting ions from an ion source into one said rod set^ 

(b) pre-trapping ions in said one rod set, 

5 (c) selectively pulsing ions from said one rod set into a 

second said rod set, said second rod set having entrance 
and exit ends, 

(d) trapping at least some of said ions in said second rod 
set by producing a barrier field at an exit member 

10 adjacent to the exit end of said second rod set and by 

producing an RF field between flie rods of said second 
rod set adjacent to at least the exit end of said second 
rod set, 

(e) said RF and barrier fields interacting in an extraction 
15 region adjacent to said exit end of said second rod set to 

produce a fringing field, 

(f) energizing ions in said extraction region to mass 
selectively eject at least some ions of a selected mass to 
charge ratio axially from said seoind rod set past said 

20 bEurier field, said ejected ions being parent ions, 

(g^ transmitting said parent ions into a third said rod set 
containing a collision gas, and fragmenting said parent 
ions in said third rod set to form fragment ions, 

(h) and mass dependently ejecting at least said fragment 

25 ions axially from a said rod set for detection. 



30. A method according to claim 29 wherein said ions are mass 
dependently scanned axially from said third rod set. 

31. A method according to claim 29 wherein fragment ions in 
said tiiird rod set are transmitted into a fourth said rod set, said fourth said 

30 rod set being maintained at a low pressure to minimize coUisional cooling 
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of ions therein, said fragment ions being mass dependently scanned axially 
from said f oiirth rod set for detection. 

32. A method according to claim 1 wherein an auxiliary AC field 

is applied to said exit memba* 

5 33. A metiiod according to daim 32 wherein, in said step (d), said 

auxiliary AC voltage is scanned. 

34. A method according to claim 33 wherein said auxiliary AC 
voltage has a frequency which is synchronized and phase locked to the 
frequency and phase of said RF field. 

10 

35. A method of operating a mass spectrometer having a 
plurality of elongated rod sets in s^es, each rod set having a longitudinal 
axis, and thereby providing said method comprising: 

(a) emitting ions from an ion source into one said rod set, 
15 (b) pre-trapping ions in said one rod set, 

(c) selectively pulsing ions from said one rod set into a 
resolving mass spectrometer having an exit end, and 
operating said resolving mass spectrometer to transmit 
ions of a selected mass to charge ratio, such ions being 

20 parent ions, 

(d) transmitting said parent ions into a second set rod set 
containing a collision gas, and fragmenting said parent 
ions in said second rod set to form fragment ions, 

(e) and trapping at least said fragment ions in, and mass 
25 dependently ejecting at least said fragment ions axially 

from, a said rod set for detection. 



36. 

in and 



mass 



A method according to claim 35 wherein said ions are trapped 
d^endenfly scanned axially from said second rod set. 
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37. A method according to claim 35 or 36 wherein said collision 
gas is at a pressure below that required for coUisional focusing* 

38. A method of operating a mass spectrometer having one or 
more elongated rod sets each having a longitudinal axis, to provide 

5 MS/MS, said method comprising: 

(a) emitting ions from an ion source, 

(b) admitting at least some of said ions into a revolving 
mass spectrometer and operating said resolving mass 
spectrometer to transmit at least some ions of a 

10 selected mass to charge ratio, such transmitted ions 

being parent ions, 

(c) transmitting said parent ions into one said rod set 
containing a collision gas, and fragmenting said parent 
ions in said one rod set to form fragment ions, 

15 (d) and trapping at least said fragment ions in, and mass 

dependenUy ejecting at least said fragment ions axially 
from, a said rod set for further processing or detection. 

39. A method according to claim 38 wherein said ions are trapped 
in and mass dependently scanned axially from said one rod set. 

20 40. A method according to claim 38 wherein fragment ions in 

said one rod set are transmitted into a second said rod set, said second said 
rod set being maintained at a low pressure to minimize coUisional cooling 
of ions therein, said fragment ions being trapped in and mass dependently 
scanned axially from such second rod set for detection. 



25 41. A method of operating a mass spectrometer having an 

elongated rod set, said rod set having an entrance end and an exit end and 
a longitudinal axis, said method comprising: 
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(a) admitting ions into said entrance end of said rod set or 
forming ions of interest therein, 

(b) trapping at least some of said ions in said rod set^ 

(c) and mass dependently ejecting at least some of said 
ions of a selected mass to charge ratio axially from said 
rod set for furflier processing or detection. 
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freq = 300kHz. 0.5ms. more ampi: 300kHz. amp-6.S*3. off8el=0.17y3jn/z = 354 
Spectrum ftijm 0.77 min ( 1 19 scans ) from freq = 300 kHz. 0^ ms. more ampi 
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100 pg / mL 0.043/ 0.13 amu # 34: 100 pg / ML Reseipine. no ejection s^p, 990 kHz. amp = 7.47^, offset 
Spectrum from 0.52 rnin( 210 scans) 4.17o5cp8 
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minox R03 = -2.5. ST # 2 to 200 V: 10 mM Renin subslrate, 990 kHz, anp = &(«^ 
offeet = 0, neg dc; no He, 1e-5 totr ai 

Spoblnjm from 0.30 irtn ( 103 scans) from CP mtnox R... Spectrum from 0.30 min ( lOSscans ) fromCPininox RO. 
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CP re8erp-20 ma pause 0.168 eye et al.: Fresh 100 pg / pL CP Reserpine, Q1 TRap 

Spectrum from 1.53 n#i ( 73 scans) from 10 ng bifrjse... 

Speclrum from 0.32 min {24080808) from (yreserp-Z.. aiOeBcps 
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